Cycle time reduction 6. Technology trends and paradigm shifts
This paper has a clear link to four of these six most important new product development problems (1, 4-6) faced by practitioners.
First, Moore's Law has been an important part of the long-term strategic plan of microprocessor companies as evidenced by the billions of dollars spent on manufacturing facilities for each new generation of microprocessors and the roadmaps of Sematech.
Similarly, this approach can be used to develop estimates of future performance from past performance trends to assist in longer range product planning.
The connection between this work and the problem of new product project selection is clear in the domain of these types of rapidly evolving products. Using estimates of technical progress, a project can be evaluated against how it performs relative to this future level of performance. The estimate of rates of product performance change can be used to provide a clearer product performance goal early in the development stage.
As noted by Gupta and Wilemon (1990) , problems with product definition were the leading cause of delayed projects. Improvements in this area will help in cycle time reduction.
The work in this paper is particularly well suited to examining technology trends and paradigm shifts. The annual technology change directly estimates measure trends. Also, it may be possible to recognize the impact of disruptive technologies such as the digital light processor technology of Texas Instruments on the computer display projector market by seeing sudden changes in the efficiency frontier or rate of change. In this way, a disruptive technology may initially appear to occupy a small niche, but as this new technology is refined, it becomes standard practice and occupies a larger portion of the frontier. This study attempts to estimate future demand for wireless technologies and evaluate the service. To this end, Technology Forecasting using Data Envelopment Analysis (TFDEA) method will be used in addition to other supplemental methods. In the last few years, the mobile industry has been planning on the launch of communication Uses secondary data (from secondary sources) as well as primary data (from the ring down methodology and purchase intentions surveys). Venkatesan and Kumar (2002) Genetic algorithms Provide predictions of category sales, time of peak sales and sales at the peak of cell phones Slowdown in growth in the wireless phone market is a long-term phenomenon in the seven EU countries. Nunno (2003) claims that the demand for more robust mobile networks will increase even after deployment of 3G. Some characteristics of the next generation of mobile service are expected to be a greater global compatibility, a greater bandwidth and robust securities for emergent mobile-commerce applications (Nunno, 2003) . Rappaport (2001) indicates in his book that the most important future process for the wireless communication will be its standardization. 
Methodology
One of the key methods used in this report is Data Envelopment Analysis (DEA).
The approach of DEA has been used in comparing telecommunication systems and countries frequently, for example, see Majumdar and Chang (1996) , Sueyoshi (1998) , Cooper et al. (2001) , Lien and Peng (2001) , and Uri (2001 . The latter paper, by Inman, Anderson, and
Harmon, formalizes the linkage to the technology forecasting literature by rigorously comparing TFDEA to a previously published influential paper (Martino, 1993; and model for technology forecasting. The TFDEA approach was found to provide both a managerially and statistically significant improvement over the previously published technology forecasting results.
TFDEA uses the concept of state of the art (SOA) in conjunction with DEA to determine historical levels of technology and determine trends in order to assess future technological characteristics. SOA is determined through analysis of products that implement a particular technology at a given point in time. The SOA is defined (Sahal, 1976) as "the state of best implemented technology as reflected by the physical and performance characteristics actually achieved during the time period in question."
TFDEA improves on previous SOA approaches by avoiding the fixed tradeoffs and central tendencies associated with regression analysis (Martino, 1992) . This is done by using DEA, which is an econometric methodology for measuring relative efficiency built upon the foundations of Debreu (1951) , Koopmans (1951) , and Shepherd (1970) . Since its original formulation in 1978 by Charnes et al. (1978) , DEA has been widely employed for a variety of purposes in over 2000 research papers (Cooper et al., 2004) . In this work we will use DEA to form a technology index of products relative to the SOA.
Technology Characterization
Different technologies and systems for cellular mobile telecommunications have been developed with the start of the communications era. There are several technical features for the classification. The first distinguishing factor among the systems is the way the signals are transmitted: analog, radio waves varying in frequency and amplitude;
or digital, having a stream of discontinuous pulses that correspond to the digital bits used in computers (Rappaport, 2001; Gruber, 2005) . A second important way to distinguish cellular systems according to Gruber (2005) is by the "access mechanism". The spectrum is divided into frequency bands, referred to as channels, which are then allocated to the different users. Considering the way channels are allocated, three different mechanisms can be distinguished: frequency division multiple access (FDMA), time division multiple access (TDMA) and code division multiple access (CDMA).
As a third measure, Gruber (2005) parameters, which will lead to the table used for the TFDEA analysis. At first, a description will be given for the wireless technologies used, which will be followed by the parameters taken into account for analysis.
First Generation Analog
First generation (1G) wireless telephone technology is an analog cellphone standard that was introduced in the 1980s until being displaced by 2G digital cellphones. Analog cellular service, which imposes cost and spectral inefficiencies, is scheduled to end in 2007. Analog cellular technology has been largely replaced by digital technology.
Second Generation Digital
The second generation (2G) wireless systems were initiated mainly for voice applications and to support circuit-switched services. Third Generation Digital 3G systems have been designed for both voice and data. Initially, the goal was to achieve a single global standard for the 3G era (UMTS), but later on the European GSM was challenged by the CDMA technology. An overview of these systems can be seen in ranging from 100 Mbps (in cell-phone networks) to 1 Gbps (in local Wi-Fi networks)" (Kim et al., 1999) . To provide the highest throughput and lowest cost, 4G will combine the technologies and protocols accordingly. Ohmori et al. (2000) suggest that the 4G-cellular systems should not only be highspeed but also high-capacity, with low-bit cost and the ability to support the services needed for 2010 and beyond. In order to achieve the high capacity with reasonable frequency bandwidth, Ohmori et al. (2000) expect that the cell radius of 4G-cellular systems shall be decreased from that of present cellular systems. However, current cellular radio access network (RAN) structures are not optimized for microcellular networks. Thus, a new revolutionary RAN structure with reduced bit cost will be an industry challenge for the coming years (Ohmori et al., 2000) . 
Technology Assessment
Recent mobile phones include various services which were not available in the past generations such as emailing, web-browsing, music and movie playing, etc. Lee (2006) suggested four categories to evaluate performance of cellular systems such as voice quality, data quality, picture/vision quality and service quality. While these four performance factors help to evaluate overall service of a cellular system from the user perspective they are largely a function of many factors beyond just the wireless technology to be forecasted. These factors include the coder/decoders, (codecs), used for sound and video, handset design, etc. For the sake of this paper, we will limit the technology forecast to the data transmission capability.
The current wireless radio communication systems consist of several kinds of wireless systems, from simple cordless phones to mobile cellular systems and personal communication systems. These different radio communication systems share some common characteristics. Arguably, the most basic differences among the technologies are the area covered by a base station and the speech quality. The fundamental object of wireless communication systems is to provide communication channels between a mobile radio station and a radio port or base station which connect users to the fixed network infrastructure through electromagnetic waves. Therefore, the major design factors are capacity, cost of implementation, and quality of service (Gibson, 1996) .
The wireless technologies discussed in the previous sections have been developed to increase the capacity of wireless systems while keeping a certain required service quality. Therefore, the capacity of wireless communication is a very important factor for forecasting wireless communication systems.
The capacity of wireless systems is closely related to frequency usage. The frequency spectrum on which wireless communication equipment depends is a limited resource. A major problem of the radio communication system is the limitation of the available radio-frequency spectrum because of high demand with limited spectrum.
Therefore, the ideal mobile system can be defined by a system operating within a limited assigned frequency band and serving an almost unlimited number of users (Lee, 2006) .
Key technology characteristics to improve the capacity include the channel bandwidth, information compression, variable bit-rate control, improved channel assignment algorithms, and a selection of multiple access schemes (Garg and Garg, 2001 ). These factors can be reflected in forecasting models directly or indirectly.
The most common measure of the capacity is spectral efficiency. A good measure of spectral efficiency helps one to estimate the capacity of a mobile communications system and allows one to set up a minimum standard as a reference of measure (Garg and Garg, 2001 Both the total number of channels and bandwidth are selected as key factors for our forecasting model. The total coverage area is excluded in this study because this factor is difficult to measure consistently across generations and is frequently specific to the particular implementation decisions of carriers. This leaves three remaining parameters affecting spectral efficiency: channel bandwidth, number of channels, and channel bit rate. The channel bit rate is included in the model since it is an important technical performance parameter even though it is not explicitly included in the spectral efficiency formula.
In addition to the three spectral efficiency related parameters which are used as major factors in the TFDEA model, other important technical parameters such as trends in transmission power, number of speech channels, and data capacity will be discussed along with their trends with respect to expected future technological progress. The detailed definitions of all parameters which are used and adopted in this study are provided in Table 9 .
Parameter Definition Metrics
Channel bandwidth articles, and internet websites. Since some sources are using different metrics or different concepts with the same name, validation has been done by comparing the information with multiple sources. For unclear definitions and metrics, we validated data through informal interviews with engineers in three major companies in the mobile communication industry. However, a more concrete and complete data set would aid further study. The data set used in this study is provided in Table 10 . As discussed earlier, a variety of trends can be observed in the data including increased overall bandwidth for telecommunications protocols and increased total data capacity. Over time, increasing simple spectral efficiency is also apparent and iDEN has the highest spectral efficiency, which is consistent with the literature (Geiger et al., 1997; Hansen, 1998; Garber, 2002) .
Next we applied TFDEA to this data set. The TFDEA approach allows for multiple inputs and multiple outputs, but in this application, we found the best model to be a straightforward one input, one output model. We used as an input the total bandwidth for all channels (measured in Megahertz) and as an output the total data for all channels as measured in megabits per second. TFDEA allows for different returns to scale assumptions. In this study, we used variable returns to scale, although increasing, decreasing, or constant returns to scale could also be used.
The TFDEA approach is mathematically summarized in equations (1) While NTT's wireless protocol was SoA in 1979, as demonstrated by the efficiency score of one, it was immediately surpassed when the next technology was commercialized. To be SoA in 1981, it needed to achieve 33% more output (data capacity in megabits per second) for the same input (bandwidth in MHz) and by 1994, a SoA telecommunications protocol would achieve 212 times more output using the same bandwidth demands as NTT.
In contrast, some technologies continue to be deemed SoA for a range of years in terms of our spectrum efficiency. For example, CT2 was efficient at the time of first commercialization in 1991 and continued to be efficient relative to other technologies through 2001. HSDPA is the first evolution of WCDMA released in 2006 (Rysavy, 2006) . The total data capacity within the broadband of 1920-1980 MHz is 138.24Mbps (Derksen et al., 2006) . In other words, the data capacity for 60MHz of bandwidth will be 138.24Mbps. Our analysis has predictions for bandwidths of 38 and 80 MHz. products. The phases where this will be most efficient would be the early phases. These are sometimes referred to as fuzzy front end of product development, where there is uncertainty about customer requirements and technology limits. So our approach can be a powerful tool to help reduce the fuzziness of the front end of product development.
Although the methodology provides good insight, decision makers should use this as a reference and combine it with other analyses being made, such as market and technology analyses. Recent wireless technologies have achieved similar spectral efficiency levels in the physical layer reaching to the theoretical limits with a focus on improving system performance (Rysavy, 2006) . Therefore, comparing technologies of the same generation with a single measurement of spectral efficiency may not provide enough insight into when a new generation of technology will actually be adopted in a future market. While the methodology used in this paper provides how a specific technology will evolve over time based on a linear improvement in system performance, it will be vital to keep monitoring the market dynamics. For example, carriers may agree to choose to fully utilize the current infrastructure before they invest into a new one.
These companies will most probably consider the adoption of any new technology to understand the optimal time to deploy the new technology. This type of market information could add value to the forecast for the wireless technologies. For this purpose additional analyses are recommended and they may include cost/benefit analysis and plotting growth curves of current and future generations.
Conclusions
The wireless technology industry has been rapidly evolving with dramatic technology changes. As the technology has advanced, development costs and times have increased, resulting in a greater need for insights regarding what the future holds. There has been a variety of both technology and market forecasts applied to the wireless technology.
This study examined past studies and applied a comprehensive approach including 3 steps, which are technology characterization, assessment and forecasting.
Step 1 Finally this paper provides a group of future expansion of this research explained in the discussion part and summarized below:
1. Developing further TFDEA models of other service innovations 2. Developing "spectral efficiency" equivalent for other technologies and related applications.
3. Developing monitoring systems for predicting the arrival of disruptive technologies.
4. Incorporating the approach into the front end of product development process to reduce the uncertainty. Case studies measuring improvements would be very useful.
